Abstract. MicroRNAs (miRNAs) have been demonstrated to be important in the development and progression of various types of cancer. However, the exact roles of certain anti-oncogenic miRNAs in human malignant gliomas remain to be elucidated. The present study aimed to reveal the expression of microRNA-203 (miR-203) in normal brain tissues and gliomas, and to investigate the role of miR-203 in cell proliferation and migration in human glioblastoma U251 cells. Real-time reverse transcription polymerase chain reaction (RT-PCR) showed that the expression of miR-203 in high WHO grade glioma tissues was significantly decreased compared with low WHO grade glioma tissues and normal brain tissues, and its expression demonstrated a decreasing tendency with ascending WHO grades. The transfection of the miR-203 mimic into U251 cells markedly downregulated the expression of phospholipase D2 (PLD2), which was identified as a direct target of miR-203. Furthermore, miR-203 overexpression significantly suppressed the proliferation and invasion of U251 cells, while the overexpression of PLD2 abrogated these effects induced by the miR-203 mimic. In conclusion, the present study demonstrated the clinical significance of miR-203 in gliomas and suggested that miR-203 was able to inhibit the proliferation and invasion of glioma cells, partially at least via suppressing the protein expression of PLD2. Thus, miR-203 may be a novel candidate for the development of therapeutic strategies for gliomas.
Introduction
Gliomas are among the most common brain malignant tumors and account for ~80% of cancers in the central nervous system. Over previous decades, the 5-year survival rate of high WHO grade gliomas, including glioblastoma, was only 2% with a median survival rate of 1 year (1, 2) . Furthermore, since malignant glioma is resistant to radiotherapy, chemotherapy and adjuvant therapies, its prognosis has not improved for a long time (3) . Thus, the development of effective therapeutic strategies for the treatment of glioblastoma are required.
MicroRNAs (miRNAs), endogenous non-coding small RNAs of 19-25 nucleotides in length, regulate gene expression through binding to the 3' untranslated region (UTR) of target mRNAs, which eventually results in either mRNA degradation or translational repression. Thus, miRNAs are important in endogenous RNA interference (4) . It is well established that miRNAs have comprehensive biological functions and are involved in various processes, including cell survival, proliferation, differentiation, apoptosis and migration (5) . Previously, accumulating evidence has revealed that miRNAs are crucial in brain physiology and tumorigenesis (6) , making them promising candidates for the therapy of malignant gliomas. In addition, over half of the miRNAs are located in cancer-related genomic regions and the deregulation of certain miRNAs have been found to be closely associated with the development and progression of certain types of cancer, by increasing the expression of certain oncogenes or downregulating the expression of certain tumor suppressors (7, 8) .
The aberrant expression of microRNA-203 (miR-203) has been found to be decreased in various types of cancer, including melanoma, colon cancer, prostate cancer, hepatocellular carcinoma, esophageal squamous cell carcinoma, glioma and laryngeal cancer (9) (10) (11) (12) (13) (14) . Furthermore, miR-203 has been suggested to act as a tumor-suppressive microRNA in several types of cancer by directly targeting certain oncogenes (15) (16) (17) . However, the detailed role of miR-203 in glioblastoma has never been studied.
In the present study, we revealed that the high WHO grade glioma tissues demonstrated a notably decreased miR-203 level compared with low WHO grade glioma tissues as well as normal brain tissues, and a decreasing tendency with increasing WHO grades. Furthermore, the ectopic overexpression of miR-203 inhibited the cell proliferation and invasion of U251 glioblastoma cells, partially at least through inhibiting the protein expression of its target, phospholipase D2 (PLD2). Cell culture. The human glioblastoma cell line U251 was purchased from ATCC (Manassas, VA, USA). U251 cells were cultured at 37˚C in 5% CO 2 in DMEM containing 10% FBS, 100 U/ml of penicillin and 100 µg/ml of streptomycin.
MicroRNA-203 inhibits the proliferation and invasion of U251 glioblastoma cells by directly targeting PLD2
Real-time reverse transcription polymerase chain reaction (RT-PCR) assay. TRIzol reagent was used to extract total RNA, which was then reverse transcribed into cDNA using a TaqMan Reverse Transcription kit. A TaqMan miRNA assay kit was used to examine the expression of mature miR-203 according to the manufacturer's instructions. U6 small nuclear RNA was used as an internal control. The mRNA expression level of PLD2 was determined by a Power SYBR-Green kit. GAPDH was used as an internal control. The experiments were performed in triplicate. For miRNA all primer sequences were as follows: stem-loop RT primer for miR-203: 5'-GTCG TATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATAC GACCTAGTG-3'; miR-203, forward 5'-GTGCAGGGTCC GAGGT-3' and reverse 5'-GCCGCGTGAAATGTTTAGG-3'; U6, forward 5'-CTCGCTTCGGCAGCACA-3' and reverse 5'-AACGCTTCACGAATTTGCGT-3'. For the mRNA assay, primer sequences used were: PLD2, forward 5'-ACTCACG GCGACTTTTCCTG-3' and reverse 5'-AACGGCAAATC GAGCCAGAG-3'; GAPDH, forward 5'-GGAGCGAGA TCCCTCCA A A AT-3' and reverse 5'-GGCTGT TG TCATACTTCTCATGG-3'.
Transfection. U251 cells (1x10 5 ) were harvested, resuspended and seeded in a 6-well plate and cultured at 37˚C in 5% CO 2 for 24 h. Lipofectamine 2000 was used to transfect U251 cells with the miR-203 mimic, a control miRNA mimic or the pcDNA3.1(+)-PLD2 plasmid at a final concentration of 200 nM, according to the manufacturer's instructions.
Western blot analysis. Tissues or cells were solubilized in cold RIPA lysis buffer. Proteins (20 µg per lane) were separated with 12% SDS-PAGE and transferred onto the nitrocellulose membranes, which were then inhibited in 5% non-fat dried milk in phosphate-buffered saline with Tween-20 (PBST) for 3 h. Following that, the membranes were incubated at 4˚C overnight with mouse anti-PLD2 monoclonal antibodies (1:500) or mouse anti-GAPDH monoclonal antibodies (1:500). After being washed with PBST for 5 min twice, the membranes were incubated with rabbit anti-mouse secondary antibodies (1:20,000) for 1 h at room temperature. Enhanced chemiluminescence reagent was used to detect the signals on the membranes (Media Cybernetics, Rockville, MD, USA). Image-Pro plus software 6.0 was then applied to scan for the relative value of protein expression, which was presented as the density ratio versus GAPDH.
Luciferase reporter assay. To determine whether or not PLD2 was the direct target of miR-203, a luciferase reporter assay was performed. The 3'-UTR of PLD2 with a potential target sequence of miR-203 was cloned into the pmirGLO Dual-Luciferase miRNA target expression vector. The mutant 3'-UTRs of PLD2 were constructed using a site-directed mutagenesis kit, bearing a substitution of three nucleotides (TTT to CCC) in the miR-203 target sequence. The luciferase reporter plasmids containing wild-type 3'-UTRs or mutant 3'-UTRs of PLD2 were cotransfected with the miR-203 or control miRNA mimic into U251 cells using Lipofectamine 2000 according to the manufacturer's instructions. Following transfection for 72 h, the luciferase activity in each group was measured using the Dual-Luciferase Assay kit, in accordance with the manufacturer's instructions. The experiments were performed in triplicate.
Cell proliferation assay. U251 cells (1x10 5 ) were plated in a 96-well plate and incubated at 37˚C in 5% CO 2 for 12, 24, 36 or 48 h. An MTT assay was performed to examine cell proliferation rate. MTT (50 µl; 5 mg/ml) was added and then incubated at 37˚C in 5% CO 2 for 4 h. The supernatant was removed and 200 µl of dimethyl sulfoxide was added. The absorbance was detected at 570 nm with a microplate reader (Bio-Rad, Hercules, CA, USA). Each assay was performed in triplicate wells and repeated three times.
Cell invasion assay. U251 cells were washed in cold PBS and harvested and resuspended in serum-free DMEM medium. For the invasion assay, 50,000 cells were added into the upper chamber which was pre-coated with Matrigel. Serum-free DMEM medium was added to the upper chamber, while DMEM was added to the lower chamber containing 10% FBS as the chemoattractant. Following 6 h of incubation at 37˚C in 5% CO 2 , cells were fixed with 3.7% formaldehyde and then stained with crystal violet staining solution. A cotton swab was used to remove the cells that did not filter through the membrane. Five fields of the lower surface of the membrane were randomly selected under the microscope and the cells on it were counted. Statistical analysis. SPSS 17.0 software (SPSS Inc., Chicago, IL, USA) was used for data analysis. Data are presented as the mean ± standard deviation. Statistical analysis was performed using one-way ANOVA or the Student's t-test. P<0.05 was considered to indicate a statistically significant difference.
Results

Expression of miR-203 is significantly reduced in high WHO grade glioma tissues and glioblastoma U251 cells.
To determine the expression levels of miR-203 in glioma tissues of different WHO grades, normal brain tissues, as well as glioblastoma U251 cells, qRT-PCR was performed. As demonstrated in Fig. 1A , the expression of miR-203 in glioma tissues was significantly lower than that in normal brain tissues. Furthermore, with increasing WHO grades, the miR-203 expression was gradually downregulated (Fig. 1B) , indicating that its expression was negatively correlated with the malignancy of glioma. Furthermore, consistent with the data above, U251 cells also demonstrated a significantly decreased expression level of miR-203 than normal brain tissues (Fig. 1C) .
Identification of PLD2 as a direct target of miR-203.
A bioinformatical analysis was performed to predict the potential targets of miR-203 and the results from all nine prediction softwares predicted that PLD2 was its target, including DIANAmT, miRanda, miRDB, miRWalk, RNAhybrid, PICTAR5, PITA, RNA22 and Targetscan ( Fig. 2A) . To confirm the predictive results, we performed a luciferase reporter assay. The results demonstrated that the luciferase activity was significantly lower in miR-203 and the wild type 3'-UTR of PLD2 cotransfected cells, when compared with that in control cells without transfection with miR-203. However, the luciferase activity in cells cotransfected with miR-203 and the mutated 3'-UTR of PLD2 demonstrated no difference with the control cells (Fig. 2B) . These findings demonstrated that the 3'-UTR of PLD2 was the direct target of miR-203.
Expression levels of PLD2 are increased in high WHO grade glioma tissues and U251 cells.
The protein expression levels of PLD2 in glioma tissues of different WHO grades and normal brain tissues were examined. As demonstrated in Fig. 3A , the PLD2 protein expression in glioma tissues of high WHO grades was significantly higher than that in normal brain tissues and low WHO grade glioma tissues. Notably, with ascending WHO grades, the PLD2 protein expression demonstrated an increasing tendency. Furthermore, its protein level was also notably higher in U251 cells compared with that in normal brain tissues (Fig. 3B) . (Fig. 4A) . To further investigate the effects of miR-203 upregulation on the protein expression of PLD2 in U251 cells, real-time RT-PCR and western blot analysis were performed, respectively. As shown in Fig. 4B , although the mRNA level of PLD2 demonstrated no difference, the PLD2 protein level was significantly reduced following transfection of U251 cells with miR-203 (Fig. 4B) .
Overexpression of PLD2 significantly attenuates the inhibitory effect of miR-203 on U251 cell proliferation.
Prior to investigating the roles of miR-203 and PLD2 in gliomas in vitro, we contransfected U251 cells with miR-203 mimics and the PLD2 plasmid and determined whether PLD2 transfection could rescue the suppressive effect of miR-203 on PLD2 protein expression. As shown in Fig. 5A , the protein level of PLD2 in the miR-203 + PLD2 group was much higher than that in the miR-203 group and demonstrated no difference with the control group. These results confirmed that PLD2 transfection rescued the suppressive effect of miR-203 on PLD2 protein expression in U251 cells.
We performed a cell proliferation assay to examine the effects of miR-203 and PLD2 on U251 cell proliferation. As demonstrated in Fig. 5B, in miR-203-overexpressed U251 cells, the cell proliferation rate was markedly downregulated. However, the miR-203 + PLD2 group demonstrated no difference with the control group as well as the control miRNA group, indicating that the overexpression of PLD2 abrogated the inhibitory effect of miR-203 on U251 cell proliferation.
Overexpression of PLD2 significantly attenuates the inhibitory effect of miR-203 on U251 cell invasion. To verify our hypothesis that miR-203 inhibits the invasion of U251 cells through a PLD2-dependent mechanism, a cell invasion assay was performed. The results demonstrated that miR-203 significantly downregulated the cell invasion of U251 cells. However, the overexpression of PLD2 rescued the invasion capacity of U251 cells transfected with the miR-203 mimic (Fig. 6) . In the present study, we revealed that high WHO grade glioma tissues demonstrated a notably decreased miR-203 level compared with low WHO grade glioma tissues and normal brain tissues, as well as a decreasing tendency with increasing WHO grades. We also demonstrated that ectopic overexpression of PLD2 inhibited the cell proliferation and invasion of glioblastoma U251 cells, at least by suppressing the PLD2 protein expression.
It is well established that the aberrant expression of multiple miRNAs is associated with the development and progression of gliomas, including miR-145, miR-383 and miR-34a (18) (19) (20) . Previously, He et al reported that the expression of miR-203 was downregulated in gliomas compared with normal brain tissues and decreased with increasing tumor WHO grades (14) , which was consistent with our data. Furthermore, the authors also demonstrated that miR-203 was a potential prognostic indicator for the survival rate of patients with glioma (14) . Accordingly, those as well as our findings suggest that miR-203 is important in gliomas. However, no previous study has revealed the exact role of miR-203 in high WHO grade glioma cells. Thus, we performed the transfection of glioblastoma U251 cells with the miR-203 mimic and demonstrated for the first time, to the best of our knowledge, that miR-203 overexpression inhibited U251 cell proliferation and invasion. These data confirm the regulatory role of miR-203 in glioblastoma cells.
Thus far, several targets of miR-203 have been identified, including interleukin-8, Hakai, LASP1 and Survivin (17, (21) (22) (23) . However, no target of miR-203 has been identified in gliomas. The present study suggests that the effect of miR-203 on U251 cells is possibly via suppressing the expression of its novel identified target, PLD2. This gene could encode a protein which catalyzes the hydrolysis of phosphatidylcholine to phosphatidic acid and choline and may participate in transcriptional regulation, cell cycle control and regulated secretion (24) . Furthermore, it is crucial in cell membrane lipid reorganization and acts as a key cell signaling protein in leukocyte chemotaxis and phagocytosis (25) .
PLD2 has been suggested to be important in several cancer cells, including renal cancer, breast cancer, lung adenocarcinoma, colorectal carcinoma, ovarian cancer and glioma (26) (27) (28) (29) (30) (31) . For instance, a previous study reported that the PLD2 selective inhibitor ML298 inhibited U87-MG glioblastoma cell invasion (31) . In the present study, we demonstrated that the overexpression of PLD2 abrogated the inhibitory effects of PLD2 on cell proliferation and invasion in glioblastoma U251 cells. According to these findings and ours, we suggest that PLD2 may be oncogenic in glioblastoma. Furthermore, the exact regulatory mechanisms by which PLD2 is involved in the development and progression of several types of cancer have gradually been identified. For instance, Choi et al demonstrated that PLD2 upregulation enhanced the activity of ERK and p38 MAPK signaling pathways and further activated STAT3, eventually increasing the expression of anti-apoptotic Bcl-2 in human cervical cancer HeLa cells (32) . In addition, COX-2 is involved in the growth and progression of gliomas and PLD2 was reported to enhance CoCl(2)-induced COX-2 expression via reactive oxygen species and p38 MAPK in astroglioma cells (33) . Further studies need to focus on the molecular mechanisms underlying the role of PLD2 in gliomas.
In conclusion, the present study for the first time, to the best of our knowledge, has demonstrated an inhibitory role of miR-203 in glioblastoma U251 cells via targeting PLD2 and suggests that miR-203 is a potential candidate for the treatment of glioblastoma. 
